Nonhuman primates were used to develop an animal model that closely mimics human Mycobacterium tuberculosis infection. Cynomolgus macaques were infected with low doses of virulent M. tuberculosis via bronchoscopic instillation into the lung. All monkeys were successfully infected, based on tuberculin skin test conversion and peripheral immune responses to M. tuberculosis antigens. Progression of infection in the 17 monkeys studied was variable. Active-chronic infection, observed in 50 to 60% of monkeys, was characterized by clear signs of infection or disease on serial thoracic radiographs and in other tests and was typified by eventual progression to advanced disease. Approximately 40% of monkeys did not progress to disease in the 15 to 20 months of study, although they were clearly infected initially. These monkeys had clinical characteristics of latent tuberculosis in humans. Low-dose infection of cynomolgus macaques appears to represent the full spectrum of human M. tuberculosis infection and will be an excellent model for the study of pathogenesis and immunology of this infection. In addition, this model will provide an opportunity to study the latent M. tuberculosis infection observed in ϳ90% of all infected humans.
Tuberculosis is responsible for more than 2 million deaths worldwide each year. This disease and the causative agent Mycobacterium tuberculosis have been intensively studied, yet the basis for protection, as well as many of the microbial and immunologic factors that contribute to disease, is not well understood. The lack of an efficacious vaccine hampers control of this disease, and although effective drug treatment exists, the regimens are lengthy and involve multiple drugs, some with considerable toxicity. Further research to identify mechanisms of protection, as well as strategies for vaccine and drug development, is necessary to combat this worldwide problem.
M. tuberculosis infection in humans does not usually lead to active disease. The majority of infections are clinically latent, with only ϳ10% of those infected progressing to active tuberculosis. Latent tuberculosis in humans is defined as no signs of clinical disease in a purified protein derivative-positive (PPD ϩ ) person. Latently infected persons likely harbor the organism for life and carry a risk for reactivation tuberculosis. The immune responses that lead to control of acute infection and possibly establishment of latency have begun to be determined using animal models (10) . However, since true latent infection is not observed in the standard animal models of tuberculosis, it is challenging to study the process by which this occurs, and the many factors involved in reactivation are difficult to identify.
Animal models have been used extensively to dissect the host response to infection, as well as the pathogenesis of the microbe. Each animal model has advantages and disadvantages (9) . Most commonly used is the murine model. Mice can be infected via aerosol with a low dose of organisms, which multiply in the lungs and spread to other organs, most notably the spleen and liver. This infection is controlled, but not eliminated, by cell-mediated immunity, primarily T-cell responses. The ensuing chronic infection is reasonably well tolerated for more than a year in some mouse strains (10) . The murine model is extremely attractive for many reasons, including low cost compared to larger animal models, relative ease of biocontainment, availability of reagents, reproducibility of the infection, and existence of susceptible, inbred and genetically altered mouse strains. The immune response to M. tuberculosis in the mouse has been shown to have direct correlates in the human system, including the importance of CD4 T cells (3, 17, 21) , interleukin-12 (5, 8) , and tumor necrosis factor alpha (2, 11, 13, 16) . Nevertheless, there are aspects of the murine infection that do not closely mimic human disease, including the relatively high bacterial burden maintained in the lungs and spleen during the chronic stage (18) and the pulmonary pathology. Mice do not exhibit classical tuberculous granulomas in the lungs; there are collections of lymphocytes and macrophages that form and act to contain the infection, but these lack the well-formed structure of human granulomas (19) . In addition, mice do not develop pulmonary cavities, an important feature of human tuberculosis that directly contributes to the spread of infection.
Both the guinea pig and rabbit models have been used in tuberculosis research. These animal models mimic some features of human disease including lung granulomas that more closely resemble the human lung pathology, including cavity formation in rabbits (7, 13, 15) . However, there is little available information on whether latent tuberculosis can be modeled in these animals. Furthermore, the study of the immune response in guinea pigs and rabbits has been hampered by the lack of appropriate reagents, as well as the difficulty in obtaining inbred strains, although some of these reagents are being developed. The nonhuman primate model of tuberculosis has a long history. Monkeys were used for tuberculosis research for many years, for vaccine and drug efficacy studies (1, 12, (22) (23) (24) . However, for various reasons, including cost and biocontainment, the monkey model has been rarely used in the past 30 years. Much of the information regarding M. tuberculosis infection in primates comes from outbreaks within primate colonies (6, 25, 32, 33) . In 1996, Walsh et al. published data demonstrating that inoculation of macaques with a low dose of M. tuberculosis did not necessarily result in fulminant disease and raised the possibility that macaques may be an excellent model of human tuberculosis (30) . In addition, major advances in the availability of immunologic and other reagents for use in macaques, pioneered primarily by those studying simian immunodeficiency virus infection in macaques as a model for human immunodeficiency virus infection and AIDS, have made the study of host responses in monkeys feasible. Recently, a limited number of studies using macaques for tuberculosis research have appeared (14, 26) , suggesting a new interest in the use of this model. While the difficulties and expense of performing research under biosafety level 3 containment with M. tuberculosis-infected nonhuman primates limit the widespread use of this model, it appears to have some distinct advantages over other model systems, including potential applicability to human disease, as well as the possibilities for M. tuberculosis-simian immunodeficiency virus coinfection models.
The immediate goal of this research was the development of a model of human tuberculosis in macaques. We demonstrate here that cynomolgus macaques can be reproducibly infected with very low doses of M. tuberculosis delivered to the lungs via flexible bronchoscope. We monitored the monkeys for 15 to 20 months in some cases, and the spectrum of disease observed in our monkeys resembles that seen in humans. Monkeys developed either rapid-onset fulminant disease, active-chronic disease, or no disease. Those animals with no clinical signs of disease may have latent infections and provide a model for the study of latency and reactivation. Thus, this model provides a unique opportunity for study of various aspects of human tuberculosis.
MATERIALS AND METHODS
Experimental animals. Seventeen adult, simian retrovirus type D-negative cynomolgus macaques ranging in age from 5 to 8 years (Table 1 ) and weighing 3.1 to 9.7 kg were used for this study. The animals were supplied by Three Springs Scientific (Perkasie, Pa.) and are of Philippine or Chinese origin; animals were resident in the United States prior to our purchase of them. Prior to the commencement of the study, the 6 female and 11 male macaques underwent a rigorous battery of diagnostic procedures (e.g., physical exam, complete blood count with differential, erythrocyte sedimentation rate [ESR], serum chemistry profile, direct fecal exam, rectal culture, thoracic radiography, lymphocyte proliferation assays [LPAs] , and tuberculin skin testing) to ensure that they were free of any underlying disease processes, especially mycobacterium infection. All animals were individually housed in 4.3-ft 2 stainless steel cages equipped with Lexan fronts to reduce the potential for aerosol contact between animals. All cages were maintained within a negatively pressurized BioBubble (Colorado Clean Room Company) located within a biosafety level 3 suite. All animal manipulations were performed in a dedicated procedure area of the BioBubble. All animal experimentation guidelines were followed in these studies, and all experimental manipulations and protocols were approved by the University of Pittsburgh School of Medicine Institutional Animal Care and Use Committee.
Bacteria. M. tuberculosis strain Erdman, a virulent strain, was used for all infections. This strain was originally obtained from the Trudeau Institute, passaged through mice, and stored in aliquots at Ϫ80°C. A frozen aliquot was diluted in sterile saline, cup-horn sonicated for 15 s, and diluted to the appropriate concentration for infection. An aliquot of the dilution used for infection was plated on 7H10 agar plates to determine bacterial numbers in the sample.
Experimental infection and BAL procedures. To prepare for infection or bronchoalveolar lavage (BAL), a 2.5-mm-outer-diameter flexible fiber optic bronchoscope (Richard Wolf Veterinary Products, Chicago, Ill.) was disinfected in Cidex (Johnson & Johnson, Irvine, Calif.) for 15 min prior to use and between animals. After disinfection, the outer surface and the biopsy channel of the bronchoscope were rinsed thoroughly with sterile 0.9% saline. Prior to infection and diagnostic BAL, all animals were anesthetized with an intramuscular dose of 10 mg of ketamine (Phoenix Pharmaceuticals, St. Joseph, Mo.)/kg of body weight or 5 to 8 mg of tiletamine-zolazepam (Telazol; Fort Dodge, Fort Dodge, Iowa)/ To facilitate the insertion of the bronchoscope into a segmental bronchus of the right middle or right caudal lung lobe, cetacaine (Bergen Brunswig, Carrollton, Tex.) was applied topically to the epiglottis and the vocal folds via a spray bottle and 1 to 5 ml of 1% lidocaine (Bergen Brunswig) was applied to the mucosa of the trachea at the level of the carina via the biopsy channel of the bronchoscope. For infection, the bronchoscope was wedged into the desired segmental bronchus, and ϳ25 CFU of M. tuberculosis Erdman strain in 2 ml of sterile saline was instilled into the right caudal or right middle lung lobe via the biopsy channel of the bronchoscope followed by 3 ml of sterile saline. For BAL, the bronchoscope was wedged into the desired segmental bronchus, and four individual 10-ml aliquots of sterile 0.9% saline were instilled into and aspirated from the lung via the biopsy channel of the bronchoscope. Postinfection and post-BAL animals were oxygenated via face mask and were monitored closely until they recovered completely from anesthesia. Tuberculin skin testing procedures. The palpebral area has been traditionally used for tuberculin skin testing of monkeys because it is easy to visualize the results of the test without anesthetizing or restraining the animals. The abdomen is sometimes used because it provides a large area where several types of tuberculin (e.g., mammalian tuberculin, PPD, Mycobacterium avium PPD, and saline) can be placed for comparison of reactions. Intradermal palpebral skin testing was performed using 0.1 ml of mammalian tuberculin (Synbiotics, San Diego, Calif.). Intradermal abdominal skin testing was performed with 0.1 ml of mammalian tuberculin, 0.1 ml of 0.9% sterile saline, and 0.1 ml of PPD spaced equidistantly in a triangular pattern on the abdomen. Monkeys were anesthetized intramuscularly with ketamine (10 mg/kg) for administration of the skin test (during normal physical exam) and to measure the abdominal test at 48 and 72 h. Palpebral reactions were graded at 24, 48, and 72 h with the standard 1 to 5 scoring system (20) . In this system, 0 equals no reaction observed, 1ϩ equals bruise, 2ϩ equals various degrees of erythema without swelling, 3ϩ equals various degrees of erythema with minimum swelling or slight swelling without erythema, 4ϩ equals obvious swelling of palpebrum with drooping of eyelid and various degrees of erythema, and 5ϩ equals swelling and/or necrosis with eyelid closed. Abdominal indurations at each test site were measured (in millimeters) with a Vernier caliper at 48 and 72 h.
Radiographic procedures. Ventral-dorsal and right lateral thoracic radiographs were taken using a portable radiographic unit (Tri-State Medical Supplies, Pittsburgh, Pa.), with Green Sensitive Rare Earth film. Radiographs were taken immediately prior to infection; 2, 4, 6, and 8 weeks postinfection; and monthly to bimonthly thereafter. Radiographs were also taken when clinically necessary and immediately prior to euthanasia and were read by a board-certified thoracic radiologist with extensive experience in pulmonary tuberculosis (C.F.).
Blood collection procedures. All blood samples were collected via femoral venipuncture with Vacutainer needles (22 gauge), needle holders, and blood collection tubes while the animals were under ketamine or tiletamine-zolazepam anesthesia.
Gastric aspirate collection and culture procedures. Fluid was aspirated from the stomach by using a red rubber feeding tube and a 5-ml syringe. In some monkeys, 5 ml of saline was first delivered to the stomach via the feeding tube. Aspirated fluid was immediately mixed at a 1:1 ratio with 5% sodium bicarbonate and chilled on ice until delivered to the microbiology laboratory. Standard clinical procedures for processing gastric aspirate samples for mycobacteria were performed, including decontamination with MycoPrep (BBL). The concentrated specimen was plated onto culture medium (Lowenstein-Jensen slants and MBBacT system [Organon Teknika]) and onto slides. Cultures were incubated at 35 to 37°C for 42 days; slants were monitored weekly while liquid cultures were continuously monitored for growth. Growth in either slant or liquid medium was reported as positive. Slides were stained with a fluorochrome stain (auromine rhodamine) and a Ziehl-Neelsen stain and examined for acid-fast bacilli.
ESR. Disposable Wintrobe tubes, 115 by 3 mm (inside diameter) (Chase Scientific R828B), were used to measure ESR on serial whole blood samples. Whole blood anticoagulated in EDTA was pipetted into the tubes to the 0 graduation line, and the tubes were incubated in the rack for 1 h at room temperature. The distance in millimeters that the red cells sedimented down through the plasma in 1 h was recorded as the ESR. All samples were tested in duplicate.
LPAs. Peripheral blood mononuclear cells (PBMC) were purified from serial blood samples over Percoll gradients, washed, and resuspended in Aim-V medium (Invitrogen Necropsy procedures. Prior to necropsy, animals were anesthetized with ketamine or tiletamine-zolazepam, bled maximally from the femoral vein with the Vacutainer system described previously, and humanely euthanized with an intravenous overdose of sodium pentobarbital. The thoracic cavity was entered sterilely without severing the diaphragm, and the gross extent of mycobacterial infection was recorded. The trachea and attached heart-lung block were then removed from the thoracic cavity and placed in a sterile tray for dissection and evaluation. Each lung lobe was dissected, and the gross dissemination of mycobacterial infection (e.g., number of grossly visible granulomas) as well as other pathological findings was recorded. All mediastinal and tracheobronchial lymph nodes were collected and evaluated for infection. Lung lobes, as well as other tissues, were sectioned and also homogenized to obtain cells and determine bacterial numbers. Grossly visible granulomas were dissected from tissues, particularly lung lobes, and homogenized to obtain cells and to determine bacterial numbers. The brain was removed and sectioned; serial sections were examined for central nervous system involvement and evidence of meningitis. Selected pieces of pulmonary, lymphatic, and other organ tissue were preserved in 10% formalin for histopathological examination.
Histological analysis. Tissue samples at necropsy were fixed in 10% formalin, routinely processed, and embedded in paraffin. Standard sections at 6 m were cut and stained with hematoxylin and eosin (H&E), Ziehl-Neelsen stain (for acid-fast bacilli), and von Kossa stain for calcium. Sections from each monkey were analyzed by a board-certified pathologist (E.K.).
Bacterial number determination at necropsy. Tissue was obtained from various sites, including each lung lobe, lymph nodes, spleen, and liver. Visible granulomas within the tissues were also dissected. Tissue pieces were placed into sterile RPMI medium in preweighed tubes, and the weight of tissue was recorded. Tissue was ground in a MediMixer (BD Bioscience, San Jose, Calif.) with the addition of ϳ3 ml of sterile phosphate-buffered saline. Tenfold dilutions of this homogenate were plated on 7H10 agar plates (Difco) and incubated at 37°C with 5% CO 2 , and CFU were counted after 4 weeks. BAL fluid was also diluted and plated on 7H10 agar to determine total numbers of CFU.
RESULTS
Infection of cynomolgus macaques with M. tuberculosis. The initial goal of this study was to develop a nonhuman primate model of M. tuberculosis infection that reflected this infection and the course of disease in humans. To this end, a low dose of virulent M. tuberculosis was delivered directly to the lungs of monkeys via bronchoscope. A total of 17 cynomolgus macaques were infected with ϳ25 CFU of M. tuberculosis strain Erdman, in three separate experiments. All monkeys had evidence of infection in at least one assay, as described below. Based on the clinical data obtained during the course of infection and at necropsy for those monkeys that had been euthanized, the monkeys were grouped into the following categories: 1, rapid progressor to fulminant disease; 2, active-chronic infection; and 3, no disease-latent infection (Table 1) . To date, 4 of the 17 animals inoculated were humanely euthanized due to advanced pulmonary mycobacterial infection, 1 was euthanized due to ocular tuberculosis, 4 animals were euthanized at predetermined time points, and 8 of the animals are still alive and in good health at 15 to 21 months postinfection ( Table 1) . The animals euthanized for advanced pulmonary disease exhibited anorexia and weight loss (13 to 27% from baseline weight). One monkey had tachypnea, and three had a persis- As an indirect measure of inflammation, ESRs were determined for each animal on a biweekly basis for 2 months, then monthly. Prior to infection, the ESR was Ͻ2 mm for all the monkeys. Five of 17 monkeys had an elevated ESR within 6 weeks of infection (data not shown). For the rapidly progressing monkey (153-00), the ESR was elevated at 31 days and remained elevated until the time of necropsy. The other four animals with initially elevated ESRs returned to baseline by 8 weeks postinfection (data not shown). Monkeys with other indications of disease progression also had increased ESR. For example, monkey 72-00 began to have an elevated ESR approximately 6 months postinfection, and it was much higher by 10 months postinfection, when he began to show increased signs of disease.
The results of traditional diagnostic tests (i.e., complete blood count with differential and chemistry panels) proved to be relatively nonspecific and of no use in predicting the disease progression of an infected monkey. Several animals exhibited a transient neutrophilia during the acute phase of infection consistent with a common initial response to a bacterial infection. Once this neutrophilia resolved, no other abnormalities were noted on the differentials. The only response noted on chemistry panels was periterminal or terminal hypoproteinemia. This response was noted in the animals that had lost substantial body weight and was most probably the result of prolonged anorexia.
Tuberculin skin testing. Tuberculin skin testing was performed on a biweekly basis for the first 2 to 3 months, then monthly. Both palpebral and abdominal skin testing with mammalian tuberculin were performed. Thirteen of the 17 animals became palpebral skin test positive (grade 4ϩ or 5ϩ) by 4 to 6 weeks postinfection, and two animals became palpebral skin test positive by 12.5 weeks postinfection (see Table 3 ). The remaining two animals never exhibited a palpebral skin test result greater than grade 3ϩ. None of the animals in this study had a palpebral skin test result of Ͼ1ϩ prior to infection. In an informal survey of ϳ200 noninfected macaques tested quarterly over a 2-year period in the Primate Facility for Infectious Disease Research at the University of Pittsburgh, tuberculin skin test results with a grade of Ͼ2ϩ were extremely rare (data not shown). Therefore, a palpebral test reading of grade 3ϩ was interpreted as positive in our study. Palpebral skin test reactions in the M. tuberculosis-infected monkeys were variable after first positivity, often regressing to negative at one test and returning to positive at the next testing period (Fig. 1) .
Abdominal skin test results, if positive at all, peaked at 4 to 8 weeks postinfection and then waned ( Fig. 1 and data not  shown) . A positive palpebral test did not necessarily correlate with an abdominal reaction, and vice versa. Nine of the animals were skin tested on the abdomen with standard human-use PPD 4, 6, and 8 weeks postinfection. None of the animals tested with PPD exhibited any reaction at any time point; therefore, abdominal skin testing with PPD was terminated.
LPA. As an additional assay for an immune response to infection, LPAs with PBMC were performed biweekly for the first 3 months and every 1 to 3 months thereafter. PPD was used to stimulate the cells, as well as M. avium PPD and mammalian tuberculin. Monkeys had uniformly low responses to both PPD and M. avium PPD prior to infection. After inoculation, PBMC from monkeys responded to both PPD preparations, as well as mammalian tuberculin (Table 2 and data not shown). This was likely due to the overlap in antigens between these two mycobacterial species or the possibility that monkeys had been previously exposed to M. avium in the environment and that this response was boosted upon infection with M. tuberculosis. Results from PPD-stimulated cells were more consistent than those from mammalian tuberculin-stimulated cells, probably because of the cruder preparation of mammalian tuberculin than of human-use PPD; for this reason, only responses to PPD are shown in Table 2 .
Monkeys varied to a large extent with respect to SI, but this did not correlate with disease state or outcome (Tables 1 and  2 ). All monkeys responded with an SI of Ͼ5 by 8 weeks postinfection ( Table 2) . Fourteen of 17 monkeys showed positive responses as early as 2 weeks postinfection. The LPA response was positive earlier than the tuberculin skin test for all monkeys ( Table 3 ). The peak response was within 8 to 12 weeks postinfection for 16 of 17 monkeys. Most monkeys had a waning of the initial response, and the responses were inconsistent for each monkey. Negative responses were observed after previously positive responses, and these did not appear to correspond to disease status. Nonetheless, the LPA results indicated that all monkeys mounted a response to the infection, thus confirming the initial infection.
Radiographic findings. Chest radiographs were performed on a biweekly basis for 8 to 12 weeks postinfection and then every 1 to 2 months thereafter ( Table 4) . Eleven of the 17 inoculated monkeys initially exhibited pneumonia in the right lung in the first 2 to 8 weeks postinfection, characterized as small focal areas of pneumonia with nodularity ( Fig. 2A) . Six monkeys did not resolve the initial pneumonia ( Fig. 2B ; Table  4 ). Four of these 11 monkeys had negative radiographs by 3 months postinfection and remained negative for at least 6 months. Collapse of the right middle lobe, as well as miliary disease, was observed on radiographs for two animals and confirmed at necropsy. One monkey (152-00) had substantial right caudal and middle lobe pneumonia that persisted for 6 months and then began to clear ( Fig. 2A to C) . By 9 months postinfection, this animal had negative chest films, which remained negative up to the time of euthanasia (16 months postinfection). However, this monkey presented with a granulomatous process in the right eye at 10 months postinfection, which persisted until necropsy (see below). Monkey 112-01 had negative chest radiographs at 2 months postinfection, until 8 months postinfection, when a cavity was observed in the right cranial and caudal lobes, which spread to the left lobes 2 weeks later (data not shown). The six monkeys without initial discernible pulmonary infiltrates on radiograph had negative chest films throughout the study (up to 20 months in some cases).
Culture for M. tuberculosis. Attempts to culture mycobacteria from the infected monkeys were performed on gastric as-pirates and BAL fluid on a regular basis. Nine of 17 monkeys had at least one positive gastric aspirate culture. The five monkeys euthanized due to advanced pulmonary disease had gastric aspirate samples smear positive for M. tuberculosis at necropsy, suggesting that fulminant infection can be detected by this method. However, occasional gastric aspirate samples were positive even for monkeys lacking clinical signs of tuberculosis. At necropsy, gastric aspirate samples from five of seven Cells in the BAL fluid were analyzed by flow cytometry and by manual differential analysis. There was little change in the composition of the BAL fluid over the course of infection in the majority of the monkeys, in terms of percentages of lymphocytes, macrophages/monocytes, and neutrophils. Occasionally, an early increase in lymphocyte percentage was observed. In animals with severe disease, the BAL fluid at necropsy generally had two-to fivefold more cells than BAL fluid samples earlier in infection (data not shown).
Grouping of monkeys with respect to disease progression. Of the 17 monkeys infected to date, different disease progression patterns were observed (Table 1) . Here, the three basic categories of disease progression, based on clinical signs, microbiologic cultures, radiographs, and necropsy findings are detailed for representative monkeys in each category.
Rapid progression to disease. As early as 2 weeks postinfection, monkey 153-00 had signs of bronchopneumonia in the right and left caudal lobes, which progressed to confluent airspace consolidation in the middle and caudal lobes. This monkey had extensive bilateral pulmonary involvement (Fig.  2D) . ESR values were elevated by 4 weeks postinfection and reached the highest level (59 mm at 8 weeks postinfection) of any of the infected monkeys. At 4 weeks postinfection, monkey 153-00 began to exhibit moderate anorexia that was subsequently accompanied by progressive weight loss. BAL and gastric aspirate cultures were positive by 6 weeks postinfection. By 8.5 weeks postinfection, the monkey was cachectic and exhibited tachypnea and dyspnea upon ketamine anesthesia. The animal was euthanized at 73 days postinfection due to a persistent deterioration of its clinical presentation. Necropsy of this animal revealed that it had lost 13% of body weight and had disseminated miliary, sometimes confluent, 0.5-to 3-mm granulomas throughout all six lung lobes. Caseation of granulomas in each lobe was noted. Severe hilar and anterior mediastinal lymphadenopathy with caseation necrosis was also evident. Extrapulmonary spread of the disease was noted in the hepatic, splenic, and mesenteric tissue but not in the kidney. Histopathology of the tissues revealed a pattern of lesions consistent with primary pulmonary disease. The presence of (Fig. 3A) . Neutrophilic involvement, degree of lymphocytic infiltration, and frequency of multinucleated giant cells were variable. There was often evidence of the necrotizing and inflammatory processes invading by direct extension into larger bronchial airways, and endobronchial spread within lobes was likely to have occurred. Secondary changes in adjacent compressed alveolar airways included extensive edema and marked alveolar histiocytosis. This monkey was classified as a rapidly progressing animal, based on the progression of clinical signs of tuberculosis beginning shortly after infection. Active-chronic infection. We defined active-chronic infection as persistent evidence of disease, with ongoing radiographic involvement, persistent culture positivity, or other clinical signs of active disease. This category encompassed a wide spectrum of disease and included ϳ60% (8 of 17) of the infected monkeys. Three examples of monkeys classified as active-chronic infection are presented here. Monkey 151-00 was euthanized at a predetermined time point (4 months postinfection) to observe pathology associated with active-chronic infection prior to end-stage disease. Monkey 113-01 had apparently mild but active infection but later succumbed to advanced tuberculosis. Finally, monkey 152-00 had active-chronic infection and then appeared to resolve the lung involvement by 10 months. These monkeys are detailed below.
Monkey 151-00 was thin with only a fair appetite when inoculated with M. tuberculosis but remained weight stable during the course of infection. Radiographically, there was minimal infiltration at the base of the right caudal lobe, with airspace opacification and nodularity, beginning at 4 weeks ESR was elevated at 6 weeks postinfection (15.5 mm) but decreased to baseline levels by 10 weeks postinfection. Gastric aspirate cultures were positive at 6 weeks postinfection, as well as at necropsy. BAL fluid had a low number of CFU (Ͻ100) at 2 and 4 weeks postinfection and then was negative. Monkey 151-00 was scheduled for euthanasia at 16.5 weeks postinfection, to observe pathology and disease involvement prior to end-stage disease. At the time of necropsy, the animal was not experiencing any obvious changes in disease status but had definite signs of infection as described above. At necropsy, there were no discernible lesions on the right middle, accessory, and left cranial lobes. The right cranial lobe had a 1.5-cm hemorrhagic lesion on the pleural surface. A modest number of smaller lesions (1 to 2 mm) were observed on the cut surfaces of this lobe, as well as the right caudal lobe. The left caudal lobe had only one visible (ϳ2-mm) granuloma. The right hilar lymph nodes were moderately enlarged. There were Ͼ10 granulomas (1 to 4 mm) on the capsule of spleen and on the liver, but the kidneys were unaffected. The pulmonary granulomas in this monkey generally demonstrated a somewhat different histologic pattern than those in monkeys with more advanced disease. Although there were numerous lesions, there were substantially more solid granulomas and less central caseation (Fig. 3B ). There was radial palisading of epithelioid cells around granuloma peripheries, and "antigenic points" (a morphological manifestation of antigenic stimulation and hypersensitivity response, observed as long tapering extensions on Langhans cells that are residues of recently fused epithelioid cells) were noted on some of the Langhans giant cells. There was much less caseation overall, compared to monkeys with more advanced disease. Monkey 113-01 was a large animal and experienced a 5% weight gain over the first 6 months of infection, with no clinical signs of disease. At ϳ30 weeks postinfection, this animal began to lose weight, was mildly anorexic at 33 weeks, and was cachectic at necropsy (34 weeks postinfection), with a 21% weight loss from baseline (preinfection) weight. Persistent coughing developed at 31 weeks postinfection. Radiographic involvement was noted at 2 to 4 weeks postinfection, with acinar shadows spreading along bronchi in the right caudal lobe. By 8 weeks postinfection, there was a poorly defined nodule in the right cranial lobe, and diffuse airspace pneumonia appeared by 16 weeks postinfection. This progressed to airspace consolidation in the right cranial and middle lobes, with the beginning of involvement of the left lobes by 24 weeks. ESR for this monkey was not elevated until the necropsy date (18 mm). The first gastric aspirate positive culture was at 17 weeks postinfection, and the subsequent cultures were inconsistently positive. BAL fluid was culture positive at week 28 and at necropsy. At necropsy, substantial pathological change was noted for all lung lobes. The right cranial and caudal lobes had multiple coalescing caseous granulomas up to 1.5 cm in diameter, and the cranial lobe was extensively adherent to the pleural wall. The left cranial lobe had focal areas of consolidation, with cavitation and caseation evident on cut surfaces. Lymphadenopathy was observed in the hilar and mediastinal nodes, more markedly in the right nodes, and the right hilar node was caseous. A modest number of visible lesions (Ͻ10) were observed on liver, spleen, and kidneys. In addition, a caseous lesion extended from the visceral pleura to the parietal surface of an adjacent thoracic vertebra, but histological evaluation revealed that the lesion did not extend into the underlying periosteum. Histologically, the lung sections from this monkey were similar to those described for monkey 153-00 and other monkeys with advanced disease. In general, the lymphocytic infiltrates at the periphery of the granulomas were less pronounced than in monkeys with milder disease.
Monkey 152-00 was also classified into the active-chronic group. This animal remained weight stable throughout the duration of its infection, despite a consistently fair to poor appetite. Right middle and right caudal lobe infiltrate was Fig. 2A) , which progressed up to 12 weeks postinfection and remained stable for an additional 4 weeks (Fig. 2B) . However, by 5 months postinfection, the radiographic involvement appeared to decrease slowly, had resolved by 10 months postinfection (Fig. 2C) , and remained clear until necropsy at 15 months postinfection. The ESR for monkey 152-00 was elevated at 4 weeks postinfection (13.5 mm) but returned to baseline by 8 weeks postinfection. The ESR increased again at ϳ10 months postinfection (13.5 mm) and remained at this level until necropsy. Gastric aspirate cultures were positive at 8 weeks postinfection but negative thereafter. The BAL fluid contained a modest number of bacteria (Ͻ100 total) at 7 and 20 weeks postinfection but was negative at all other time points, including necropsy. Although the pulmonary involvement appeared to be resolving, at 10 months postinfection this monkey developed anisocoria of the right pupil with particulate matter present in the anterior chamber. Subcorneal granulomas formed and expanded progressively until they caused marked enlargement and distortion of the globe. This ocular infection necessitated euthanasia at 15 months postinfection. There was no obvious involvement of the left eye. Upon necropsy, there was minimal pathology in the majority of lung lobes, although the presence of fibrous adhesions between the right middle lobe and the left caudal lobe and the thoracic wall, in addition to adhesions between the lobes on each side, suggested previous inflammation. A small number (Ͻ5) of 1-to 2-mm granulomas were observed in the right cranial and caudal lobes but not in the other lobes. In the right cranial lobe, a pleural granuloma surrounded by hyperemia was suggestive of a Ghon focus. The nearby caseous right hilar node was thought to be the secondary site of transport from this focus with the pair representing a Ghon complex. The spleen had multiple small Ͻ1-mm nodular capsular granulomas, while the liver and kidneys had no visible lesions. Histologically, the lung granulomas in this monkey were consistent with a resolving infection and clearly different than those in monkeys with active disease, with much less caseation observed. In general, the granulomas contained significantly fewer epithelioid macrophages and multinucleated giant cells. Other changes included calcification (confirmed by von Kossa histochemical staining for calcium) of central caseous material in some lesions (Fig. 4A ) and the development of more mature, dense fibrous connective tissue (fibrocalcific change). The histology of the affected right eye showed granulomas with caseous necrosis, as well as giant cells. The interior structures of the eye had been destroyed by extensive necrotizing granulomatous inflammation that was consistent with tuberculous panophthalmitis. In summary, this monkey appears to have had an initially progressive pulmonary infection that demonstrated evidence of containment and resolution after a number of months. However, ocular tuberculosis was observed in this monkey, which was apparently not controlled or resolved over time.
No apparent disease (latent infection). We defined this category (no disease) as no radiographic involvement after 4 weeks of infection and no clinical signs of disease for at least 6 months. Approximately 40% of our monkeys were classified into this category. Many of these monkeys survived without signs of disease for 15 to 21 months, and therefore this class may represent a model of latent infection.
One monkey (146-00) with no signs of disease after infection was chosen for euthanasia at 17 weeks postinfection to examine the extent of pulmonary pathology. This monkey had negative radiographs at all time points postinfection and experienced a weight gain of 22% over the course of infection. ESR was never elevated, and gastric aspirate and BAL fluid cultures were negative at all time points postinfection. The lungs of this monkey contained very few granulomas: one 1-mm granuloma in both the right cranial and middle lobes, three 1-mm focal granulomas in the right caudal lobe, and two 1-mm granulomas in the accessory lobe were observed. The right hilar lymph node showed moderate enlargement and caseation (Fig. 4B) , but the left hilar node was normal. No gross lesions were observed in spleen or liver. Histologically, this monkey had few or no lung lesions in most lobes. In the granuloma analyzed from the lung, there were few giant cells and an area of thick fibrosis surrounding central caseation ( Fig. 4C and D) . The right hilar lymph node had caseous lesions, although not as extensive as in more involved animals, with calcification and peripheral fibrosis (Fig. 4B) . In general, the lesions were similar to those of monkey 152-00, described above, but fewer in number.
In summary, this monkey appeared to be controlling the infection and was maintaining only low numbers of bacteria within the granulomas. Presumably this is the case in humans who are latently infected and may reactivate the infection at a subsequent time. Six monkeys remained from this study with clinical presentations consistent with latent infection, infected for 14 to 20 months (Table 1) .
Monkey 112-01 was placed into the category of latent infection, based on the absence of clinical or radiographic findings of disease. At 8 months postinfection, this animal began to lose weight and experienced a 20% weight loss over the next 5 weeks, at which time he was euthanized. A severe, persistent cough developed 2 weeks prior to necropsy. This monkey had a positive gastric aspirate at 8 weeks postinfection but was not positive again until 8 months postinfection. BAL culture was also positive at 8 weeks postinfection but was not positive again until necropsy. Radiographically, a subtle area of opacity in the right caudal lobe was detected at 8 weeks postinfection but cleared by 12 weeks. Radiographs were negative up to almost 9 months postinfection, when evidence of disease was observed as bronchopneumonia in the upper cranial lobe spreading into the right caudal lobe. In addition, a thin-walled cavity was observed in the apex of the right cranial lobe. Ten days later (day of necropsy), the radiograph revealed bilateral pulmonary dissemination, with evidence of an open cavity in the right apex. At necropsy, signs of severe disease were noted. Multiple large and small granulomas were observed in all lobes of the lungs. The right cranial lobe had a large suppurative (ϳ5-cm) cavity. This was not observed in the active-chronic monkeys at necropsy and may represent a reactivated lesion. Confluent granulomas with areas of consolidation were observed on the surface of the right caudal lobe, with multiple 1-mm miliary lesions throughout the lobe. The right hilar lymph node was very large, compressing the bronchus entering the right cranial lobe. The left lobes had fewer granulomas than the right lobes, but 1-to 3-mm granulomas were observed in left cranial and Histologically, the right lung lobes showed multifocal and coalescing caseating granulomas. The granulomas had thick bands of lymphocytic cells surrounding central caseation. There was no obvious mineralization in the granulomas. Large cavitary lesions with necrosis were observed, with infiltration into airways. Other sections of the lung had histologic findings consistent with tuberculous pneumonia with epithelioid macrophages, lymphoid infiltrates, and little evidence of caseation or granuloma structure organization.
Extrapulmonary disease. Extrapulmonary spread was variable among monkeys. Monkeys with advanced disease exhibited extrapulmonary dissemination at necropsy. However, active-chronic monkeys that were euthanized prior to advanced disease did not necessarily have visible lesions or M. tuberculosis in the spleen or liver. In one monkey with active-chronic infection, renal involvement was observed. No skeletal involvement was observed in any of these monkeys, in contrast to previously published data in a similar model (30) . As noted above, monkey 152-00 had ocular tuberculosis, which has been reported previously for monkey colonies (31) . Each brain was sectioned and examined for evidence of mycobacterial disease, including meningitis. No acid-fast bacilli were found in any of the brain sections examined, and brain histology was normal.
Bacterial load in tissues of monkeys at necropsy. In general, bacterial load in the tissues of these monkeys paralleled disease severity. Monkeys euthanized due to severe, active disease (e.g., monkeys 72-00, 153-00, 112-01, and 113-01) had high bacterial numbers in all lobes of the lung (Table 5 ). In contrast, the necropsied monkey with latent infection (monkey 146-00), as well as the monkey that appeared to be resolving infection and moving toward a latent state (monkey 152-00), did not have recoverable bacteria in most lung sections. The few small granulomas recovered from the lungs of monkey 146-00 had ϳ1,000 CFU, which was 50-to 10,000-fold lower than granulomas from monkeys with advanced disease (Table 5 ). The right hilar lymph node from monkey 146-00 also contained M. tuberculosis (1.5 ϫ 10 3 CFU). All other samples from monkey 146-00 were negative for M. tuberculosis. For monkey 152-00, one granuloma contained bacteria (ϳ5,000 CFU) as did two other specimens from the right lung. All other specimens from this monkey were negative.
DISCUSSION
The nonhuman primate represents an opportunity to study M. tuberculosis pathogenesis, disease, and pathology in an immunologically tractable host that is very closely related to humans. Our goal was to develop a nonhuman primate model of tuberculosis that would be useful for a variety of applications. Using a low-dose inoculum, we have recapitulated the various outcomes of human M. tuberculosis infection, including primary tuberculosis (active-chronic infection, rapidly progressive in one case), apparently latent infection, and resolving infection. In addition, one of the monkeys appears to have spontaneously reactivated a latent infection. We have extended the studies of others with cynomolgus monkeys as a model (14, 30) , by demonstrating that there can be a variety of outcomes of low-dose infection and that some monkeys can control an infection with no apparent signs of disease for Ͼ21 months. We also demonstrated that cynomolgus macaques tolerate serial BAL, even with ongoing M. tuberculosis infection. With such a model, it is possible to address questions of granuloma formation and pathology and immune responses leading to progressive or latent infection. This model, or variations on it, can be used to test candidate vaccines (including postexposure vaccines), drugs, and diagnostics prior to human clinical trials. In addition, studies of pathogenic mechanisms of M. tuberculosis, including expression of virulence factors, gene expression during active or latent disease, and the importance of certain genes in survival or pathogenesis of the organism, can be approached in a model with many similarities to humans.
Similarly to the spectrum of clinical disease progression shared by monkeys and humans, these animals also demonstrated many comparable gross and microscopic pathological changes consistent with different disease stages in people. Although there was substantial overlap, the histological findings generally reflected the immunological state of dynamic balance between host defenses and progression of disease. Caseation necrosis, a constant factor in active tuberculosis, was more prominent in animals with rapidly progressing infection. Activation of macrophages is essential for a granuloma to destroy microorganisms, and microscopic evidence of this was noted to a greater extent in the more contained state of active-chronic infection. In addition to local immunologic responses, organism containment in healing granulomas is associated with the progressive development of fibrotic and calcific changes-as was seen in monkeys with latent infection. Calcification of lesions from monkeys with long-term, nonprogressive infections was observed histologically (and confirmed by specifically staining sections for calcium), although the calcified lesions were not observed on radiographic films of the monkeys, possibly due to the relatively small size of these lesions.
It has been reported previously that lower doses of M. tuberculosis (10 to 100 CFU) can result in cynomolgus macaques with few or no clinical signs of disease, but these studies involved a small number of monkeys and the animals were monitored for only 6 months (30). In addition, it is clear that a larger inoculum (3,000 CFU) causes progressive disease in most, possibly all, cynomolgus macaques (14, 30) . A higher dose of organisms than that used in the present study will be necessary for challenge following vaccination. The model we have developed will be most useful for studies of various aspects of the bacterial response as well as the immune response during tuberculosis (active or latent), and the information gathered will be important in determining the mechanisms of protection in vaccine studies.
Low-dose infection with the virulent laboratory Erdman strain of M. tuberculosis was achieved via bronchoscope, a relatively noninvasive process. A battery of tests was performed to confirm infection. We assumed infection of a monkey if there was (i) conversion to a positive palpebral or abdominal tuberculin skin test, (ii) increased PBMC lymphocyte proliferation to mycobacterial antigens (PPD), (iii) culturepositive results from gastric aspirate or BAL fluid, or (iv) pulmonary infiltrate observed on radiograph. All 17 monkeys were judged to be infected by at least one of these criteria. Tuberculin skin testing is the standard for screening for M. tuberculosis or Mycobacterium bovis infection in nonhuman primate colonies, as well as in human populations. In nonhuman primate colonies, it is widely recognized that this test can give both false-positive and false-negative results. In our study, all monkeys did convert to a positive tuberculin test (15 of 17 grade 4ϩ or 5ϩ and 2 of 17 grade 3ϩ) within a relatively short time postinfection (most by 6 weeks postinfection). Palpebral skin test reactions were variable after first positivity, often regressing to negative at one test and returning to positive at the next testing period. Positivity of tests was not predictive of severity of disease at necropsy, and negative or decreased scores did not necessarily correlate with changes in the lymphocyte proliferation assay performed on peripheral blood cells. The abdominal tuberculin skin test was also variable among monkeys and did not necessarily correlate with the palpebral test administered at the same time. It is evident that clinicians and primate colony managers must reconsider the use of the abdominal tuberculin skin test as a confirmatory test after a positive palpebral test, as it proved to be consistently less positive than the palpebral test and waned markedly in the animals where it was positive during the acute stages of infection. Furthermore, BAL fluid from infected animals was often negative on culture, even though this test is currently considered a good screening test for the presence of M. tuberculosis infection (28) . However, BAL culture was positive for M. tuberculosis in all cases of advanced disease at necropsy. Gastric aspirate cultures were more often positive from infected monkeys and even occasionally in monkeys with no signs of disease. This appears to be a more useful method for detecting M. tuberculosis in monkeys suspected of having tuberculosis. ESR, although a nonspecific measure of inflammation, can be an useful indicator of progressing tuberculosis.
Lymphocyte proliferation to PPD was also used to assess peripheral T-cell responses to M. tuberculosis infection. In this assay, the majority of monkeys were positive by 2 weeks postinfection, much sooner than the tuberculin skin test. However, a waning of the initial response was observed in a large proportion of animals, and the subsequent responses were inconsistent for each monkey. Negative responses were observed after previously positive responses, and these did not appear to correspond to disease status. Monkeys with active disease did not necessarily have higher or more consistently positive or negative responses than those monkeys with minimal disease. Nonetheless, the LPA results indicated that all monkeys mounted a response to the infection, and this response peaked and then waned or was variable throughout the course of infection. In a number of instances, a negative skin test in a monkey was accompanied by a relatively high SI in the LPA (examples are shown in Table 3 ). Therefore, it is not possible to conclude that a negative skin test is the result of an "anergic" animal or an animal with an inadequate T-cell response in the periphery. These data agree with published data on the inadequacies of the tuberculin skin test as a diagnostic tool for M. tuberculosis infection in nonhuman primates (4, 6, 27, 29) and point to similar problems with LPA as a diagnostic tool.
Approximately 60% of monkeys developed active-chronic infection, with one of these monkeys rapidly progressing to disease. Active-chronic disease was defined by a number of criteria, including clinical signs of disease (e.g., anorexia and weight loss) and importantly, positive chest radiographs. These monkeys had early infiltrates in the lungs, which did not generally resolve. However, many of the monkeys presented with active infection that was relatively stable for a number of months. Monkey 72-00, for example, had modest disease for up to 9 months before progressing to advanced disease in the remaining month. Monkey 113-01 had mild disease for approximately 6 months and then progressed rapidly to fulminant infection. Thus, the state of active disease can continue in a chronic state indefinitely without apparent distress to the monkey. In contrast to the other monkeys with active infection, monkey 153-00 progressed very rapidly to advanced tuberculosis and was euthanized at 10 weeks postinfection. Bacterial numbers within the dissected granulomas as well as in lung and associated lymph node tissue were fairly high. Dissemination to spleen, liver, and other organs was variable among monkeys and did not necessarily correlate with severity of lung involvement. The differences between rapid and relatively slow progressors may lie in genetics, immunology, prior health status, or other factors. Such a model provides the opportunity to compare monkeys with disease progression differences to determine the factors contributing to different outcomes.
One monkey with active-chronic infection (152-00) showed signs of disease for approximately 9 months and then appeared to recover. Upon necropsy, there were relatively few bacteria in the lungs, and many of the apparent granulomas were not culture positive. The histology from this monkey also was consistent with a healing infection. This monkey apparently represents self-resolving tuberculosis, which can also be observed in humans with tuberculosis. However, this monkey also presented with ocular tuberculosis 9 to 10 months postinfection, which did not resolve with time. Progressive, isolated-organ tuberculosis is described in humans and may occur in any tissue initially affected by earlier dissemination. In this clinical manifestation, lymphatic or hematogenously disseminated organisms are contained or destroyed in other sites but grow progressively in the site in question as an isolated tuberculous process.
Approximately 40% of the monkeys exhibited no signs of disease throughout the study. In some monkeys, an early infiltrate was observed on the thoracic radiographs, but this resolved by 4 to 8 weeks postinfection, and the radiographs remained negative after that time. These monkeys were weight stable or gained weight during the study. Six monkeys remained alive and in good health, with no signs of tuberculosis, 15 to 21 months after initial infection. One monkey was necropsied to determine the extent of infection 4.5 months postinfection. In this monkey, there were only a few small granulomas visible on the lung tissue, both grossly and microscopically. These granulomas contained relatively few bacilli, and no organisms were found in other tissues, except in the right hilar lymph node. The granuloma observed histologically was fibrotic, with a caseous center. Clearly, this monkey was controlling the infection. The actual classification of latent M. tuberculosis in monkeys is difficult, since there are no clear indications of the extent of viable bacteria in humans with latent infection. Nonetheless, these monkeys fit the clinical description of humans with latent M. tuberculosis infection: conversion of skin test to tuberculin positive, immunologic evidence of exposure to M. tuberculosis, no clinical signs of disease, and the presence of granulomas on necropsy. It remains to be seen whether these monkeys can be experimentally reactivated.
Although we have not attempted experimental reactivation, one of our monkeys judged to be latently infected for 8 months began to show signs of active disease and quickly progressed to advanced tuberculosis. A large cavity was observed in the right cranial lung lobe by radiograph and at necropsy, which would be consistent with reactivation of a latent infection in humans. Radiographically, the infiltrate was observed at 8 months postinfection in the right cranial and middle lobes and rapidly advanced to the right caudal and then left lobes. In addition, the pattern of tiny granulomas over the pleural surface of the lungs at necropsy was consistent with spread from a main lesion, such as the cavity. Although we cannot exclude the possibility that this monkey may have been reinfected from another monkey and rapidly progressed to disease, it also remains a strong possibility that spontaneous reactivation of a previously latent infection resulted in advanced disease.
In summary, we have developed a nonhuman primate model that appears to represent in a relatively small number of monkeys the entire spectrum of human M. tuberculosis infection. In particular, a subset of monkeys presented with no clinical signs of disease, a state likely representing latent infection. Since latent tuberculosis is difficult to model in animals, this represents a step forward in the study of latent infection. This model has distinct advantages over other animal models in terms of a close resemblance to human disease, a wide array of immunologic reagents for the study of these monkeys, and pathology very similar to that seen in human tuberculosis. The disadvantages include the expense and difficulty of maintaining monkeys, particularly in a biosafety level 3 facility. Although the outbred nature of macaques can be viewed as a limitation on performing some studies, this also likely contributes to the wide range of clinical manifestations of tuberculosis seen in this model.
